The Bicyclus lineage of satyrid butterflies exhibits male-specific traits, the scent organ 9 complex, used for chemical communication during courtship. This complex consists of tightly 10 packed brush-like scales (hair-pencils) that rub against scent patches to disperse pheromones, but 11 the evolution and molecular basis of the organ's male-limited development remains unknown. 12 Here, we examine the evolution of the number and location of the scent patches and hair-pencils 13 within 53 species of Bicyclus butterflies, and the involvement of the sex determinant gene 14 doublesex (dsx) in scent organ development in Bicyclus anynana using CRISPR/Cas9. We show 15 that scent patches and hair-pencils arose via multiple, independent gains, in a correlated manner. 16 Further, an initially non-sex-specific Dsx protein expression pattern in developing wing discs 17 becomes male-specific and spatially refined to areas that develop the scent organ complex over 18 the course of development. Functional perturbations of dsx show that this gene is required for 19 male patch development whereas hair-pencils can develop in both sexes without Dsx input. Dsx 20 in females is, instead, required to repress hair-pencils. These findings suggest that the patches 21 and hair-pencils evolve as correlated composite organs that are sex-limited via the spatial 22 regulation of dsx. Divergence in the function of dsx isoforms occurs in both sexes, where the 23 male isoform promotes patch development in males and the female isoform represses hair-pencil 24 development in females, both leading to the development of male-limited traits. Furthermore, 25 evolution in number and location of patches, but not of hair-pencils, appears to be regulated by 26 spatial regulation of dsx. 27 28 65
The origin of sexually dimorphic traits is especially intriguing from a genetic perspective and 40 was intensely debated by Darwin and Wallace (Kottler 1980). The two men debated whether 41 novel traits can arise in a single sex from the very beginning or whether novel traits always arise 42 first in both sexes but are then lost in one to create dimorphisms. In addition, each supported the 43 importance of different selective forces in producing such dimorphisms. Wallace strongly 44 believed that natural selection was key to converting equally inherited, showy traits to sex- 45 limited traits for protection (primarily in females), while Darwin argued that traits could arise in 46 only one sex (primarily in males) from the very beginning and be further amplified via sexual 47 selection (Kottler 1980) . This debate is only now being resolved with the use of sex-specific 48 reconstructions of traits on phylogenies which help reconstruct single-sex or dual-sex origins of 49 traits as well as their subsequent evolution (Emlen et al. 2005; Kunte 2008; Oliver et al. 2011) . 50 While it appears that both modes of evolution occur in a variety of taxa, the genetic and 51 developmental mechanisms that allow the development of traits in one sex but limit their 52 occurrence in the other sex, are still largely unresolved for most sexually dimorphic traits. 53 54 The scent organs in butterflies are a clear example of a sexually dimorphic, male-specific trait 55 used for close-range, pre-mating chemical communication. These composite organs, collectively 56 called androconia, differ dramatically in shape, color, pheromone composition and location, 57 occurring as complexes of scent patches with modified epidermal scales and tightly-packed, 58 brush-like hair-pencils on the legs, abdomen, thorax, and wings of butterflies that help produce 59 and release pheromones during courtship (Boppre 1989; Birch et al. 1990 (Boppre 1989 ). For example, many male butterflies in the tribe Danaini (family Nymphalidae) 63 have extrusible, brush-like abdominal hair-pencils that are brought into physical contact with 64 pheromone producing patches on the wings to enable pheromone dissemination (Boppre 1989 ). We used a combination of phylogenetics and a focused molecular investigation on the sex-86 determination gene, doublesex (dsx), to address these questions. Our focus on dsx was due to two 87 main reasons. Firstly, previous work on sex-specific trait development in B. anynana identified a 88 non-cell-autonomous, hormonal mechanism as a determinant of sex-specific eyespot sizes 89 (Bhardwaj et al. 2018) . Here, sex-specific levels of the hormone 20-hydroxyecdysone and the 90 presence of its receptor EcR cued the development of different dorsal eyespot sizes in males and 91 females (Bhardwaj et al. 2018 ) but showed no effect on the development of the male-specific 92 scent organs, indicating a different mechanism of determination of this sexually dimorphic trait. 93 Secondly, in the rapidly increasing literature of sexually dimorphic trait development across 94 insects, dsx appears to hold a highly conserved position in directing sex-specific gene expression 95 that results in sex-specific morphologies and behaviors, cell-autonomously or in concert with 96 
Results
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Androconia diversity within Bicyclus 120 Males in the genus Bicyclus display enormous diversity in the number, and position of the hair-121 pencils and scent patches on their wings ( Fig 1B, Fig 2A) . Hair-pencils are present only on the 122 dorsal surfaces of both wings ( Fig 1C, schematic) with the total number of forewing hair-pencils 123 (0-2) being equal to or less than the number of hindwing hair-pencils (1-4) in any given species. 124 Scent patches occur on all wing surfaces except the ventral hindwing ( Fig 2B, C, schematic). As 125 with the hair-pencils, forewing scent patches are rarer as compared to hindwing scent patches 126 and vary from zero to two in number, per surface (dorsal/ventral) ( Fig 1C, Fig 2C) , while 127 hindwings always have scent patches, varying in number from one to four ( Fig 1C, Fig 2B) . In Table 2 ). Significant support for MRCA=0 was also 158 obtained for dorsal forewing patches 8, 11 and 14 ( Fig 2C red , dark green and pink). This 159 supports a scenario of multiple, independent gains of the different traits during the evolution of 160 Bicyclus with subsequent losses in many lineages. To broadly understand the likely number of 161 independent gains of these traits, we used stochastic character mapping and an unconstrained 162 model of trait evolution to identify gains at internal nodes ( Fig 1C and rectangles and stars). However, for a few traits including hindwing hair-pencil 3 ( Fig 1C) , 167 hindwing patch 2 ( Fig 2B) , dorsal forewing patch 10 ( Fig 2C) and ventral forewing patches 15 168 and 16 ( Fig 2C) there was no definitive support for one state over the other at the MRCA, 169 making the reconstruction of the evolution of these traits ambiguous (Supplementary Table 2 ). 170 For such traits, we adopted the most parsimonious evolutionary explanation of a single origin at 171 the MRCA ( Fig 1C, Fig 2B, Scent patches and hair-pencils appear to evolve in a correlated manner 175 We next tested for correlated evolution between pairs of hair-pencils and patches. Hair-pencils 1, 176 2, 3 and 4 and patches 1, 2, 3 and 4, respectively, showed strong support for dependent evolution 177 ( Supplementary Table 3 ) consistent with our understanding of a hair-pencil and a patch together 178 making a functional composite scent organ for pheromone dissemination. In addition, there was 179 positive support for correlated evolution between hair-pencil 1 and patch 15 and, very strong 180 support for correlated evolution between hair-pencil 2 and patch 16 ( Supplementary Table 3 ). 181 Patches 15 and 16 which are located on the ventral forewing are in contact with hair-pencils 1 182 and 2 on the dorsal hindwing respectively at the region of overlap between the two wings. The 183 evidence for correlated evolution between these forewing patches and hindwing hair-pencils are 184 again suggestive of a composite scent organ, now dispersed between two different surfaces. (Fig. 3 , Mid-5th instar). As development progressed, Dsx showed sex-specific variation in 238 the presumptive scent organ regions: from the last larval instar (5 th ), through the wandering 239 stage, to the pupal stage (Fig 3) . The pre-pupal stage was not conducive to any sort of staining, 240 and inferences about the role of Dsx at this stage were based on Dsx expression in the preceding 241 and succeeding developmental stages and will be discussed later. Forewing and hindwing Dsx 242 expression patterns are described below. 243 
244
The Dsx expression pattern in forewings became associated with the development of the scent 245 patches and silver scales in males. In mid-5 th instar forewing discs, Dsx was expressed in sector 246 1A+2A in both sexes (sector and vein nomenclature in Supplementary Fig 2) , with a stronger, 247 narrow linear expression in the anterior part of the sector (Fig 3A,B ; below the white dotted line 248 -yellow arrowhead). In the following wandering stage, expression diverged across the sexes. In anynana, we used CRISPR/Cas9, targeting the common DNA binding domain, which is shared 297 between the male-and female-specific isoforms ( Fig 4A) . In males, knockout of dsxM affected 298 the development of both forewing and hindwing scent patches and surrounding silver scales, 299 corresponding to Dsx's region of expression in developing wing discs. For both wings, crispants 300 showed varying degrees of loss of silver scales (Fig 4B, C; red arrowheads) and scent patches 301 with secretory cells (Fig 4C, D, E ; red arrowheads, Supplementary Fig 4B, C; black arrows). 302 These results suggest an activating role for dsxM in males, in the development of the scent 303 patches and the broad silvery scale region. Most interestingly, however, despite the loss of the 304 greyish-silver scales (patch 2) that lie beneath the black hair-pencil ( Supplementary Fig 4D; 305 black arrowheads), indicating effective disruption of dsx in this wing area, there was never a loss 306 of either the black or yellow hair-pencils, though hair-pencil morphology, color and density were 307 affected in many individuals ( Supplementary Fig 4D) . Supplementary Fig 4E) , suggesting that dsx in females represses hair-pencil development 313 ( Fig 4I) . However, none of the female crispants displayed any patches and associated silver 314 scales on either forewings or hindwings, indicating the lack of a role of dsxF in repressing the 315 development of these scent organ components ( Fig 4I) . Additionally, on the ventral forewings, the genital structure, the uncus, displayed an intermediate morphology ( Fig 4G; red arrowhead) . 327 In females, the two sclerotized genital plates also developed intersex structures ( Fig 4H) . The sex 328 of crispants was verified by amplifying a W-microsatellite that only occurs in females 329 ( Supplementary Fig 4F) and effective dsx disruptions were confirmed by sequencing DNA from 330 thoracic tissue ( Supplementary Fig 4A) . Additionally, hair-pencils and patches also showed correlated evolution across Bicyclus. This 394 makes sense considering that the two components together form a functional composite organ 395 required for pheromone production and dissemination in some species such as B. anynana. 396 However, many species possess only one of these functionally coupled traits which begs the 397 question of their functional roles in these species. Patches without correspondent hair-pencils 398 were more commonly present than hair-pencils without correspondent patches. Examples for 399 both include the presence of velvety patches on the dorsal forewings and hindwings of members 400 of the martius-and sciathis-groups respectively (Fig 2, patches 13 and 14) , or the presence of 401 hair-pencil 3 and the absence of corresponding patch 3 in B. jefferyi, B. moyses and B. dorothea 402 ( Fig 1C and Fig 2B) . Despite the possibility of patches being functional in chemical 403 communication, independently of associated hair-pencils, we note that many patches in Bicyclus To test whether a particular state i.e. 1 (trait present) or 0 (trait absent), was statistically 576 supported for each trait at the most recent common ancestor (MRCA) of all lineages bearing the 577 trait of interest, model marginal likelihoods were calculated with each alternative state fixed at 578 the MRCA. Phylogenetic hypothesis testing was done by comparing the log marginal likelihoods 579 of the two models and a model was considered significantly more likely if the log Bayes Factor = 580 2*Δ log marginal likelihood, was greater than 2 (Pagel 1999). When the trait was present at the 581 MRCA of the species bearing it, then it was considered homologous, otherwise, it was 582 considered analogous (with multiple origins). All RJ-MCMC chains were run for 5 million 583 generations with a burn-in of 25% and a uniform prior between 0 and 100. The marginal 584 likelihoods of the different models were estimated using 500 stones of a stepping stone sampler 585 as per the BayesTraits manual. Further, to map the gains of traits that were significantly 586 supported as either homologous or not within Bicyclus, we ran an unconstrainted model of trait 587 evolution and estimated the probable ancestral states at internal nodes. We also ran stochastic 588 character mapping in Mesquite and used both the analyses to broadly understand the evolution of 589 hair-pencils and patches in Bicyclus. Dsx immunostainings 600 We used a primary monoclonal antibody (mouse) raised against the Drosophila Dsx protein 601
